R ecently, several studies have emphasized the importance of phosphorylation in the regulation of endothelial nitric oxide synthase (eNOS) activity. 1 Most is known about the functional consequences of phosphorylation of a serine residue in the reductase domain (Ser 1177 in human sequence and Ser 1179 in bovine sequence) and a threonine residue within the CaM-binding domain (Thr 495 in human eNOS sequence and Thr 497 in bovine sequence). In unstimulated cultured endothelial cells, although the Ser 1179 residue is not phosphorylated, the Thr 497 is constitutively phosphorylated. Following application of various stimuli such as vascular endothelial growth factor (VEGF), 2, 3 estrogen, 4 insulin, 5 bradykinin, 6 or fluid shear stress 7 the Ser 1179 site is rapidly phosphorylated, which leads to increased enzyme activity and increased nitric oxide (NO) production. The kinases involved in this process vary with the stimuli applied. Although VEGF mainly phosphorylates Ser 1179 via protein kinase B␣/Akt-1, 8 shear stress elicits eNOS phosphorylation on this residue by activating Akt-1 9 and protein kinase A. 7 Other kinases such as AMP-activated protein kinase 10 and CaM-dependent kinase II 6 also have the ability to phosphorylate the Ser 1179 site. The Thr 497 residue is known as a negative regulatory site, its phosphorylation being associated with a decrease in the enzyme activity. It has been suggested that constitutively active kinase that phosphorylates eNOS at Thr 497 is most probably protein kinase C (PKC). 3, 6, 11 The PKC family comprises roughly 12 different isozymes, which are broadly classified by their activation characteristics. The conventional PKC isozymes (␣, ␤I, ␤II, and ␥) are Ca 2ϩ -and lipid-activated, whereas the so-called novel isozymes (⑀, , , and ␦) and atypical isozymes (, , v, and ) are Ca 2ϩ -independent but activated by distinct lipids. 12 Although it is commonly accepted that PKC signaling inhibits eNOS activity in endothelial cells, the distinct role of different PKC isoforms has not been studied so far. The aim of the present study was to analyze the role of PKC␣, one of the major PKC isoforms expressed in endothelial cells, in regulation of eNOS activity in vitro and in vivo.
Materials and Methods

Cell Culture
Bovine aortic endothelial cells (BAEC) were purchased from Clonetics (BioWhittaker, Inc, Walkersville, Md) and propagated in DMEM medium (Invitrogen, Carlsbad, Calif) supplemented with 10% fetal bovine serum (FBS), penicillin and streptomycin. Human umbilical vein endothelial cells (HUVEC) also purchased from Clonetics were propagated in EGM-2 medium (Clonetics) according to manufacturer's instructions. Primary mice cardiac endothelial cells were isolated as previously described. 13 Briefly the hearts of both wild-type and knockout (Akt-1 Ϫ/Ϫ ) mice were harvested, minced finely with scissors and then digested in 25 mL collagenase 0.2% (wt/vol) at 37°C for 45 minutes. The crude cell preparation was pelleted and resuspended in Dulbecco's phosphate-buffered saline (DPBS). The cell suspension was incubated with PECAM-1 coated beads (IgG Dynal beads from Dynal Corp., Great Neck, NY) at room temperature for 10 minutes with end-over-end rotation. Using a magnetic separator, the bead-bound cells were recovered, washed with DMEM-20% FBS, suspended in 10 mL complete culture medium [DMEM containing 20% FBS, supplemented with 100 g/mL heparin, 100 g/mL EC growth supplement (ECGS; Biomedical Technologies, Stoughton, Mass) nonessential amino acids, sodium pyruvate, L-glutamine, and antibiotics at standard concentrations] and then plated in a fibronectin-coated tissue-culture dish.
Adenoviral Constructs and Cell Transduction
The wild-type PKC␣ adenoviral construct was a gift from Dr Motoi Ohba (Showa University, Tokyo, Japan) and has been previously described. 14 The virus particle titer was 3.55ϫ10 9 plaque forming units (pfu) per ml. The dominant negative PKC␣ construct which was generated by replacing the conserved lysine in the ATP binding domain with arginine (a gift from Dr Dan Rosson, Lankenau Medical Research Center, Wynnewood, Pa) was subcloned in an adenoviral vector (first generation, E1 and E3 deleted) driven by hCMV promoter and also containing green fluorescent protein (GFP). The virus particle titer was 3.7ϫ10 10 pfu /mL. BAEC or mice cardiac endothelial cells were transduced with different adenoviral constructs in half a volume of 0.5% FBS-DMEM. After 4 hours, the cells were completed with half a volume of full-serum medium for overnight incubation. The day after, cells were washed with PBS and incubated in full-serum medium. In these conditions, the transduction efficiency was typically Ͼ80% as determined by GFP expression. The experimentations were performed between 48 and 72 hours after transduction.
Specific Silencing of Gene Expression by siRNA in HUVEC
The DNA target sequences were as follows: AAGCACAAGUU-CAAAAUCCAC for PKC␣ and AAGCCCCUAAAGACAAU-GAAG for PKC⑀. Twenty-one-base RNA was synthesized by Xeragon Inc. For annealing, 40 mol/L of each strand was incubated in annealing buffer containing 100 mmol/L potassium acetate, 30 mmol/L HEPES-KOH, 2 mmol/L magnesium acetate (pH 7.4) for 1 minute at 90°C followed by 1 hour at 37°C. Cells were at 80% to 90% confluence at the time of the transfection (transfection kit from Targeting Systems) with 75 pmols of PKC␣ or control (Cy3-labeled luciferase) dsRNA. The media was replaced with fresh complete media 24 hours after transfection. Analyses for testing the silencing of PKC␣ gene were performed between 48 and 72 hours after transfection, including Western blotting for total PKC␣ and PKC␣ kinase activity.
PKC␣ Kinase Activity Assay
PKC␣ was immunoprecipitated from the cell lysates with 2 g of anti-PKC␣ antibody (Santa Cruz Biotech. Inc) and 30 L of protein G plus/protein A agarose suspension (Calbiochem) and used in an in vitro kinase assay as previously described. 15 The reaction mixture (30 L) contained 50 mol/L ATP and 5 Ci of [␥-32 P]ATP (PerkinElmer Life Sciences), 1 mmol/L dithiothreitol, 5 mmol/L MgCl 2 , 25 mmol/L Tris-HCl (pH 7.5), 20 mol/L phosphatidylserine, 10 mol/L diolein, and 0.2 mmol/L CaCl 2 and PKC␤1 optimal peptide as substrate (100 mol/L) (Calbiochem). Reactions were started by addition of reaction mixture to the immunoprecipitates and incubated at 30°C for 10 minutes. The reaction was stopped by spotting onto P81 phosphocellulose paper. The filters were washed 3ϫ in 0.75% phosphoric acid and once in acetone and the radioactivity was determined in a scintillation mixture.
Western Blotting
Cells were lysed in RIPA buffer (PBS 1X, Nonidet P-40 1%, Sodium Deoxycholate 0.5% and SDS 0.1%) containing protease inhibitor cocktail (Complete, Roche). Thirty to 50 g of proteins were resolved by 10% or 7.5% SDS PAGE and transferred to Immobilon membranes (Millipore). The membranes were probed with various primary antibodies followed by incubation with HRP-conjugated secondary antibodies (Vector Laboratories, Inc) as appropriate. Proteins were visualized by enhanced chemiluminescence, according to the instructions of the manufacturer (Pierce). The following primary antibodies have been used: anti-Akt antibodies, antiphospho-eNOS-Ser 1179 and antiphospho-p44/42 MAPK (phospho-ERK) from Cell Signaling Technology; antiphosphoeNOS-Thr 495 from Upstate Cell Signaling; anti-eNOS from Santa Cruz Biotechnology; anti-PKC␣ from BD Transduction Laboratories.
Measurement of NO Release From Cells Transduced With Different Adenoviral Constructs
BAEC were plated in 6-well plates and then transduced with WT-or DN-PKC␣ or GFP as control. Two days later, the medium was aspirated and replaced with 2 mL of starvation medium. The cells were incubated for 12 hours and an aliquot of medium was taken for basal NO measurements, assayed as nitrite, the stable breakdown product of NO in aqueous medium. Nitrite levels were measured using a Sievers NO analyzer. Cells were collected and lysed for protein assay. For the stimulated NO release, transduced cells were starved in serum-free medium overnight. The day after the medium was aspirated and replaced by 2 mL of fresh serum-free medium. After 1 hour, an aliquot was taken for background nitrite measurements and the cells were stimulated with PBS or 50 ng/mL of FGF2 and incubated for an additional 30 minutes. An aliquot of medium was again taken for nitrite measurement and the cells collected and lysed for protein assay.
In Vivo Gene Transfer
All animal experiments were approved by the Institutional Animal Care and Use Committee. Twenty-four (Ϸ8 animals in each group) male Sprague Dawley rats (The Jackson Laboratory, Bar Harbor, Me), aged between 6 and 7 weeks and weighing Ϸ350 g were used in this study. The animals were anesthetized with intraperitoneal injection of Ketamine (80 mg/kg) and Xylasine (8 mg/kg). Femoral artery and superficial epigastric artery were isolated. After temporary clamping of the proximal and distal femoral artery, 20 L of adeno-GFP or adeno-WT-PKC␣ was infused into the femoral artery via superficial epigastric artery and incubated for 15 minutes. Viral titer was brought to 3ϫ10 9 pfu/ml for each construct. After incubation, the superficial epigastric artery was permanently ligated and clamps on the femoral artery were removed to restore femoral blood flow. Three days after surgery, femoral-artery blood flow was measured using a doppler probe (Transonic Systems Inc). Blood pressure and heart rate were measured using a Millar transducer inserted into the carotid artery. L-NAME was infused as a single bolus injection of 20 g/kg via the jugular vein. After flow measurements, femoral arteries were harvested, immediately frozen in liquid nitrogen, and kept at Ϫ80°C until analyzed. Samples were homogenized in a lysis buffer containing PBS 1X, Nonidet P-40 1%, Sodium Deoxycholate 0.5%, SDS 0.1% and protease inhibitor cocktail (Complete, Roche). Eighty g of protein was subjected to SDS-PAGE and Western blotting as previously described.
Statistical Analysis
Results are shown as meanϮSEM. Differences between 2 groups were determined by Student t test and a 1-way ANOVA with Bonferroni's post hoc test was used for multiple comparisons. Probability values Ͻ0.05 were considered significant.
Results
To evaluate a potential role of PKC␣ in regulation of eNOS activity, wild-type PKC␣ (WT-PKC␣) was overexpressed in bovine aortic endothelial cells (BAEC) using an adenoviral construct and phosphorylation of eNOS was assessed at baseline and in response to FGF2. PKC␣ overexpression was associated with an 8-fold increase in PKC␣ kinase activity measured by an in vitro kinase assay in the presence of [␥-32 P]ATP ( Figure 1A ). In cells transduced with WT-PKC␣, eNOS phosphorylation level was increased on the Ser 1179 site both at baseline and in response to FGF2 ( Figure 1B) , whereas phosphorylation of the Thr 497 site remained unchanged ( Figure 1B) . Overexpression of PKC␣ in BAEC was also associated with a significant increase in the basal level of NO accumulation measured after 12 hours by chemiluminescence, confirming the functional consequence of increased Ser 1179 phosphorylation ( Figure 1C ). To further investigate the role of PKC␣ in eNOS activation, a catalytically inactive form of PKC␣ was overexpressed in BAEC using an adenoviral construct. Seventy-two hours after transduction, eNOS phosphorylation was assessed at both Ser 1179 and Thr 497 sites in response to stimulation with FGF2 (50 ng/mL). Whereas, Thr 497 phosphorylation level was unchanged, FGF2-induced Ser 1179 phosphorylation was completely inhibited in cells transduced with DN-PKC␣ ( Figure 1D ). Stimulated NO release measured as nitrate accumulation 30 minutes after stimulation with FGF2 was also abolished in cells transduced with DN-PKC␣ construct ( Figure 1E ).
Protein kinase B␣/Akt-1 is the kinase primarily involved in phosphorylation of the Ser 1179 in response to growth factor stimulation. 2, 8 Therefore we evaluated the effect of PKC␣ alteration on Akt activity assessed by the phosphorylation level of Ser
473
. Overexpression of wild-type PKC␣ in BAEC was associated with increased Ser 473 phosphorylation both at baseline and after stimulation with FGF2 ( Figure 1B) . Overexpression of the dominant negative mutant of PKC␣ in BAEC inhibited FGF2-induced Akt-Ser 473 phosphorylation ( Figure 1D ). To rule out the possibility that the results generated in cells overexpressing PKC␣ construct either dominant negative or wild-type may not be physiologically relevant, we used RNA interference to silence endogenous PKC␣ gene expression. HUVEC were transfected with siRNA directed against PKC␣ or a control siRNA, directed against the luciferase gene. Seventy-two hours after siRNA transfection, there was a significant reduction in the PKC␣ protein level in HUVEC treated with PKC␣ siRNA, although expression of other PKC isoforms was unaffected (Figure 2A ). The PKC␣ kinase activity, measured by an in vitro kinase assay in the presence of [␥-32 P]ATP, was decreased by 3.5 fold in PKC␣ siRNAversus control siRNA-treated-HUVEC ( Figure 2B ). Seventytwo hours after siRNA-transfection, cells were serum-starved and then stimulated with FGF2 or a vehicle. Although, the level of total eNOS was unchanged, FGF2-induced eNOSSer 1179 phosphorylation was markedly attenuated in PKC␣ siRNA-treated HUVEC ( Figure 2C ). Transfection with PKC␣ siRNA was also associated with inhibition of FGF-2-induced Akt-Ser 473 phosphorylation ( Figure 2C ). To further check the specificity of these results for PKC␣, cells were treated with PKC⑀ siRNA, and then 72 hours later were serum-starved and stimulated with FGF2 or a vehicle.
The knockdown of PKC⑀ had no effect on eNOS phosphorylation at Ser 1179 or Akt phosphorylation at Ser 473 ( Figure 2D ). These in vitro results lead us to hypothesize that modulation of PKC␣ activity in the endothelium may influence blood flow in vivo. To test this hypothesis, the viral constructs containing PKC␣ or the GFP were infused in the femoral artery temporarily clamped at both extremities, via an arterial branch and incubated for 15 minutes. Previous studies using adeno-␤-gal in a similar femoral artery model of gene transfer have shown a gene transfer efficiency of Ͼ50% and a transgene expression exclusively localized in the endothelium. 16, 17 Three days after transduction, the femoral artery blood flow was measured using a Doppler probe. The blood flow at baseline was significantly increased in femoral arteries transduced with the WT-PKC␣ construct in comparison with controls transduced with Ad-GFP ( Figure 3A ). This increase in blood flow was diminished to a level comparable to the baseline level by infusion of L-NAME, an L-arginine analog that inhibits eNOS, suggesting that PKC␣ effect is mediated through activation of eNOS ( Figure 3A) . Whereas the level of total eNOS was unchanged, the extent of Akt phosphorylation at the Ser 473 site was significantly increased in lysates obtained from femoral arteries transduced with WT-PKC␣ ( Figure 3B ). To further evaluate the hypothesis that PKC␣ effect on eNOS may be mediated by Akt-1, we isolated primary endothelial cells from the heart of Akt-1 knockout mice. FGF2-induced Ser 1179 phosphorylation was markedly inhibited in endothelial cells isolated from Akt-1 knockout mice but not in cells from wild-type mice (Figure 4) . Overexpression of PKC␣ in Akt-1 Ϫ/Ϫ cells led to an increase in eNOS-Ser 1179 phosphorylation at baseline that was further increased after stimulation with FGF2 ( Figure 4) . Whereas Akt-2 expression level was increased in Akt-1 Ϫ/Ϫ cells, PKC␣ overexpression was not associated with further increase in Akt phosphorylation at Ser 473 ( Figure 4 ). These data show that PKC␣ is able to phosphorylate eNOS at Ser 1179 in the absence of Akt-1.
Discussion
The central finding of this study is that PKC␣ stimulates NO production by activating eNOS in vitro and in vivo. The data demonstrate that PKC␣ stimulates NO production in endothelial cells by increasing phosphorylation of Ser 1179 while having no effect on Thr 497 phosphorylation. This is a novel and important finding that differs from previous reports of PKC inhibition of eNOS activity by phosphorylating Thr 497 and dephosphorylating Ser 1179 3 . The likely reason for that is the use of nonspecific pharmacological inhibitors and stimulator of PKC such as PMA that is a potent activator of a number of PKC isoforms. 3, 6, 11 In addition to conventional PKC, PKC␦, ⑀, and have also been shown to be activated and translocated to the membrane following PMA treatment. 18 These different isoforms activate distinct downstream pathways that may have quite different effects on eNOS phosphorylation and activity. Different pharmacological inhibitors may also produce different results. Data from our laboratory showed that pretreatment of BAEC with Gö6976, an inhibitor of calcium-dependent PKC inhibits FGF-2 induced eNOS-Ser 1179 phosphorylation (data not shown). These data are opposite from the ones using Ro-310645, underlying the nonspecificity of these pharmacological inhibitors. In contrast, in the current study we used tools that specifically and selectively affect the expression and activity of the PKC␣ isoform in endothelial cells. Overexpression of wild-type PKC␣ was associated with an increase in NO production and overexpression of the dominant negative mutant with inhibition of FGF2-induced NO release. Interestingly, we did not see further increase in NO levels following FGF2 stimulation in cells transduced with WT-PKC␣. One possible explanation is that increased levels of PKC␣ provide maximum eNOS activation that cannot be further stimulated by FGF2. The other alternative is that nonspecific effects may occur with the levels of PKC␣ expression achieved here. Indeed, there are limitations to overexpression approaches, such as altered stoichiometry between the overexpressed enzyme and the endogenous substrate, or the absence of normal regulation or subcellular localization of the overexpressed kinase that might lead to nonspecific interactions. However, we did not observe any significant alteration of Akt-Ser 473 phosphorylation in a rat fat pad endothelial cell line with stable overexpression of WT or DN PKC␣ (data not shown). Furthermore, the use of small interference RNA to knockdown the endogenous PKC␣ allowed us to overcome the limitations of the overexpression approach.
The in vivo results show that enhancement of PKC␣ activity in the endothelium leads to a significant increase in blood flow in an L-NAME dependent manner, which is consistent with the in vitro data showing that PKC␣ overexpression in endothelial cells increases NO production. DN-PKC␣ by itself did not decrease the baseline level of femoral artery blood flow, in the same way that it did not induce a statistically significant decrease in basal NO production from endothelial cells in vitro, suggesting that PKC␣-eNOS pathway may not play a significant role in the regulation of resting blood flow. However stimulation of PKC␣ will induce an increase in blood flow. The in vivo data in our study are comparable to those obtained with acute modulation of Akt-1 activity in the endothelium, 16 that also demonstrated increased resting blood flow after Akt-1 transduction whereas Akt-1-DN had little effect on baseline flow. Furthermore, Akt phosphorylation level at the Ser 473 site was increased in arteries transduced with Ad-PKC␣ ( Figure 3B ).
Although our data clearly demonstrate the ability of PKC␣ to stimulate eNOS activity, the mechanism of interaction between these 2 molecules is less obvious. Data from our laboratory and others 3 have shown that in vitro, PKC␣ is able to phosphorylate eNOS at Ser 1179 , suggesting the possibility of a direct interaction between PKC␣ and eNOS. However, in vivo there is the alternative possibility that PKC␣ acts upstream of one of the kinases known to directly phosphorylate eNOS, such as Akt, AMP-dependent protein kinase, or protein kinase A. Nevertheless, it is likely that PKC␣ acts upstream of Akt because we have shown that alteration of PKC␣ activity is associated with changes in Akt phosphorylation. These data are consistent with our previous study showing that PKC␣ is able to stimulate Akt activity in endothelial cells via direct phosphorylation of Ser 473 . 19 On the other hand, our data also clearly show that PKC␣ is able to phosphorylate eNOS in Akt-1 Ϫ/Ϫ cells. Furthermore, in these cells, whereas Akt-2 expression level is increased, the level of P-Akt Ser 473 is not further increased following transduction with PKC␣. These results suggest that PKC␣ can act both in an Akt-1-dependent and independent manner.
It is also interesting to note that in Akt-1 Ϫ/Ϫ CMEC, eNOS-Thr 497 was strongly dephosphorylated and PKC␣ overexpression in these cells did not increase its phosphorylation level suggesting that PKC␣ isoform is not the PKC responsible for constitutive phosphorylation of eNOS at Thr 497 ( Figure 4 ).
In conclusion, the data herein are the first demonstration that PKC␣ stimulates NO production in the endothelial cells and affects arterial blood flow in vivo; therefore, suggesting that pharmacological modulation of PKC␣ activity in the endothelium may have utility for the treatment of vascular disorders associated with vascular dysfunction and impaired blood flow.
